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ABSTRACT 

In many instances, estimates of both energy savings and renewable energy generation in 
domestic buildings still rely on engineering models and building energy simulations rather than 
approaches that are based on measured parameters. And there are good reasons for this - evaluation 
budgets are often limited, with policy makers needing timely results for reporting purposes, whereas 
high quality measurement can be complex and is often associated with a substantial time lag. This trend 
is common despite there being ample evidence of the existence of performance gaps where the actual 
impact of low-carbon technologies is lower than predicted by models alone. This article adds to this 
body of evidence by drawing on a range of grey literature evaluations of low-carbon technologies 
(including energy efficiency measures, renewable heat, and renewable electricity) in the UK household 
sector. The paper focuses not only on the quantification of the performance gap but also qualitative 
factors often overlooked, such as installation issues or installer/user behaviour.  The article concludes by 
recommending policy changes including the development of evaluation standards, the experimentation 
with pay-for-performance programmes, ensuring that installation standards for low-carbon technologies 
are being enforced, and taking reasonable steps to ensuring that end users are able to use any new 
technology effectively. 

Introduction 

Across the globe, efforts are under way to reduce the energy consumption of buildings by 
increasing the amount of renewable electricity generated on-site and decarbonising heating and cooling 
systems. For example, in the European Union (EU), the Energy Efficiency Directive is a key driver for 
improving the energy efficiency of the existing residential building stock (Rosenow et al. 2016). Much of 
the discussion in the EU has focused on the energy efficiency targets and the types of policies chosen by 
Member States. Going forward, a robust evaluation, monitoring and verification system will need to be 
developed in all Member States to ensure that the expected impact of the policies implemented will 
materialise. This requires not only a sophisticated reporting framework, but also the ability to monitor 
the achieved impacts with a reasonable degree of certainty. If the impacts of low-carbon technologies 
are significantly over- or underestimated it is very difficult to track policy impacts reliably and assess 
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whether or not additional efforts are needed to achieve carbon and energy targets. Another potential 
result of poor evaluation and verification leading to false conclusions regarding low carbon technologies 
is the erosion of public credibility of these technologies and their ability to deliver energy savings and 
low-carbon energy (sensu the "Cry-Wolf" effect documented in Breznitz, 1984). 

 
In many instances, estimates of both energy savings and renewable energy generation in 

domestic buildings still relies on engineering models and building energy simulations rather than 
approaches that are based on measured parameters. And there are good reasons for this - 
measurement is costly and often associated with a substantial time lag (Cooney 2017), while evaluation 
budgets are limited and policy makers require timely results for reporting purposes (Vine et al. 2014). 
Furthermore, policy makers may be more interested in the physical building performance rather than 
occupant behaviour. However, there is a large body of literature that demonstrates the existence of a 
performance gap - the actual impact of low-carbon technologies is often lower than the expected when 
solely based on models (Adan & Fuerst 2016; Bordass et al. 2001; de Wilde 2014; Gram-Hanssen & Susse 
2018; Hamilton et al. 2013; Harold & Lyons 2015; Hong et al. 2006; Johnston et al. 2015 2012; Loucari et 
al. 2016; Menezes et al. 2012; Scheer et al. 2013). The reasons reported for this are manifold and 
include poor quality of installation, unrealistic manufacturers’ specifications of a technology’s 
performance, unintended user interaction, the use of incorrect models, and inaccurate assumptions on 
the ex-ante situation (ibid). 

 
This paper adds to the already considerable body of evidence by drawing on a range of 

unpublished and grey literature evaluations of low-carbon technologies in the household sector carried 
out by the Energy Saving Trust (EST), a British organization devoted to promoting energy efficiency, 
energy conservation, and the sustainable use of energy. This data has so far not been used in the peer-
reviewed literature and covers a range of technologies including energy efficiency measures, renewable 
heat, and renewable electricity. Most of the existing literature on the performance gap focuses on 
energy efficiency and is concerned with the quantification of the scale of the performance gap, although 
there are now some contributions focusing also on renewable energy (Boyd & Schweber 2018; Frances 
& Stevenson 2018). This paper has a wider scope that includes renewable energy technologies as well as 
energy efficiency improvements and focuses not only on the quantification of the performance gap but 
also qualitative factors often overlooked. The structure of this paper is as follows: (1) a summary of the 
exiting body of literature on the performance gap; (2) the chosen methodology is detailed, explaining 
the source of the data and how the selected evaluations were analysed; (3) the results are presented; 
and (4) the findings are discussed in terms of what they mean for evaluation practice, policy and further 
research. 

Performance gap 

Defining the performance gap 

The performance gap can be defined as the difference between actual (measured) and 
predicted (modelled) performance of low-carbon technologies. This is usually discussed in the literature 
with regard to energy use of the whole building rather than specific elements and mostly in the context 
of building fabric improvements. With a focus on the construction of new buildings, de Wilde (2014) 
analyses the root causes of the performance gap and groups them into three categories including: 

• causes linked to the design stage including inaccurate modelling of expected performance (de 
Wilde 2014; Rosenow & Galvin 2013; Sunikka-Blank & Galvin 2012). 

• causes linked to the construction stage such as poor construction of buildings and/ or 
installation of specific measures (Bordass 2004; Bordass et al. 2001; Zero Carbon Hub 2010); and 
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• causes linked to the operational stage including inappropriate operation of technologies, and 
unintended user interaction (Branco et al. 2004; Buso et al. 2015; Guerra Santin & Itard 2012 
2010; Haas et al., 1999; Linden et al. 2006). 

Causes linked to the design stage 
 Inaccurate modelling of expected performance is a common issue observed in the literature (de 

Wilde 2014; Menezes et al. 2012). This can be caused by the model itself, but also the people involved in 
the modelling (Dwyer 2013).  For example, a common issue with building models is the overestimation 
of the ex-ante energy consumption based on unrealistic assumptions. This phenomenon that has been 
coined the ‘prebound effect’, such as when residential building models typically overestimate heating 
energy consumption prior to an intervention by as much as 30% (Sunikka-Blank & Galvin 2012). A reason 
for this is sometimes that the energy performance of the walls of old buildings is underestimated (Hens 
et al. 2007). This can lead to overestimates of the amount of energy saved through refurbishment, as 
householders cannot save energy that was not already being consumed prior to the intervention 
(Rosenow & Galvin 2013). 

Causes linked to the construction stage.   
Even if technologies achieve the expected performance under laboratory conditions there is a 

range of potential factors that can lead to underperformance at the operational stage. Dependent on 
the installer's level of training and attention to detail, poor workmanship can result in the inappropriate 
installation of technology which may hamper performance or even cause operational failure. A good 
example is cavity wall insulation whereby poor distribution of the insulation can result if the cavity is not 
carefully inspected for areas blocked off by debris (BRE 2016). Another example is in photovoltaics, 
when panels are overshadowed by trees and as a result generate less renewable electricity (Frances & 
Stevenson 2018).  After the installation of low-carbon technologies regular maintenance is required for 
some types of technologies. Poor maintenance of technologies can result from insufficient instructions 
and training (Bordass 2004), thus potentially leading to additional performance issues. 

Causes linked to the operational stage 
Unfamiliarity with a new technology and old habits may prevent users from interacting with the 

technology in the way intended. Many examples of this phenomenon exist, such as in Hong et al. (2006) 
where people continued to use inefficient single room heaters even after a more efficient heating 
system was installed, or in households that override modern ventilation systems by ventilating the 
house through opening windows, with strong consequences for performance (Anderson et al. 2013). Or 
even more simply, is that when controls are misunderstood users may avoid more energy efficient 
features in favour of incorrect manual control, such as seen in how householders use programmable 
thermostats (Meier et al. 2011). Occupancy and the number of occupants in particular is a key factor 
that is often overlooked, although studies clearly show that the importance of this factor for energy use 
(Guerra Santin et al. 2009). 

Significance 

For the United Kingdom (UK), there are several studies providing estimates of energy savings 
and the performance gap from single measures and/ or combinations of those in domestic buildings 
with some based on actual measured data (Adan and Fuerst 2016; Hamilton et al. 2013; Hong et al. 
2006; Johnston et al. 2015 2016) and others on modelled data (Loucari et al. 2016). Similar analysis also 
exists for Ireland (Scheer et al. 2013; Harold & Lyons 2015). Reviewing the literature, Adan & Fuerst 
(2016) conclude that “the scope of these studies is limited by the data sets used as they were unable to 
conduct matching on key explanatory variables, making the results sensitive to latent differences in the 
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characteristics of treatment and control groups.” They also point out that these studies focus mainly on 
the impact of installing a single energy efficiency measure, disregarding the impact of installing a 
combination of different energy efficiency measures. Whilst there are uncertainties around the data, the 
existing studies clearly suggest the existence of a performance gap. A study analysing energy demand of 
new domestic buildings (Johnston et al. 2015 2016) finds that the performance gap can be substantial - 
the difference between the measured and predicted fabric performance was in some cases greater than 
100%. This is supported by other studies: Zero Carbon Hub (2010) found that while some new homes’ 
energy consumption was in line with expected levels in some cases the performance gap exceeded 
100% while in assessing solid wall insulation in UK homes, Loucari et al. (2016) state that the 
performance gap could be as high as 65%. 

Methodology 

Amongst their work on energy efficiency and conservation, EST and its partners offer a bespoke 
verification service, by which manufacturers receive independent evaluation of their product's 
performance claims.  Whilst each service is different, depending on the needs and context of each 
individual product, the verification process broadly comprises of a replicated field trial where 
quantitative product performance data (e.g. energy or water use and environmental variables such as 
temperature) are monitored for 12 months from the installation of the technology/start of the trial and 
interpreted in combination with contextual information, such as the reported behaviour of users.  Here 
the results and insight gained from seven of the most recent field trials done by EST and partners are 
presented, excluding only a solid wall insulation field trial for which there was no reporting done and an 
exploration of domestic hot water use, for which no metered data was collected (EST 2015).  The field 
trials presented here cross a range of domestic technologies/upgrades (condensing boilers, heat pumps, 
solar thermal, solid wall insulation, retrofitting and small scale wind turbines) across three utilities 
(electricity, gas and water).  The specific methodologies for each trial are taken from the grey literature 
and provided in Table 1. All trials involved monitoring performance for 12 months after the 
installation/beginning of the trial and some degree of qualitative engagement with installers and users. 

Table 1: Methodologies for seven field trials examining various technologies in domestic homes   

Citation Subject Sample Data Collected 
EMC & EST 
2008 

Amount of hot water used (and 
the energy used to heat it) 

68 regular boilers and 39 
combi boilers in 107 houses 
of unspecified type 

Water use and temperature 

Orr et al. 
2009 

In-situ efficiency of condensing 
boilers 

67 condensing boilers in a 
mixture of house types 
including 18 flats with the 
remainder terrace or stand 
alone buildings 

Energy use, heat output and 
internal/external 
temperature 

EST 2009 domestic wind turbine 
performance 

38 roof mounted turbines, 
19 pole mounted turbines 

Energy use, energy 
generation, wind speed 

EST 2011 performance of solar thermal 
hot water systems 

88 terrace or stand alone 
homes 

Solar radiation, solar 
collector temperature, 
input/output water 
temperature, output volume 
and energy, energy use 

Dunbabin & 
Wickins 2012 

Seasonal performance factors 
of air and ground source heat 
pumps (Phase 1) 

54 ground source heat 
pumps and 29 air source 
heat pumps 

Energy use, loop 
temperature, heat and hot 
water output, 
internal/external 
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temperature 
EST 2013 Seasonal performance factors 

of air and ground source heat 
pumps (Phase 2) 

21 ground source heat 
pumps and 21 air source 
heat pumps, 15 of which 
were also used in Phase 1 

Energy use, loop 
temperature, heat and hot 
water output, 
internal/external 
temperature 

TSB 2013 Bespoke retrofitting of 
properties with renewable 
technologies and high levels of 
insulation 

100 (37 with quantitative 
data) terrace or stand alone 
homes 

Energy and water use, 
internal 
temperature/humidity.  
Floor space 

Results/Discussion 

Performance gap 

A performance gap was identified in all seven field trials (Table 2).  The largest performance gap 
was seen for building mounted wind turbines (EST 2015) which often fell short of the commonly quoted 
load factor of 10%, with no urban or suburban building mounted sites achieving load factors of more 
than 3%. In some cases performance was so poor that the installation was found to be a net consumer 
of electricity due to the inverter taking its power from the mains supply while the turbine was idle. In 
the hot water field trial (EMC & EST 2008) delivery temperature was found to be much lower (52.9°C ± 
1.5°C 95% confidence interval for regular boilers and 49.5 ± 2.0°C for combi boilers) than the widely 
assumed value of 60°C.  Furthermore, the average temperature rise of water as it passes through the 
system was reported as consistently lower (36.7°C) than the 50°C that was assumed in the BRE Domestic 
Energy Model at the time, leading to predictions being inflated by approximately 35%.  Condensing 
boilers were found to perform closer to prediction than in the hot water field trial, albeit 5.3% less 
efficient than manufacturers' claimed performance with 75% of boilers recording annual electrical 
consumption of greater than the BRE standard assessment procedure assumption of 175kWh/year (Orr 
et al. 2009).  For heat pumps, the issue was not whether they could meet the manufacturer's 
assurances, but that their system efficiencies (the amount of useful heat the heat pump produces 
compared with the amount of energy used to run the system) were considerably varied (air source heat 
pump range = 1.2 - 2.2; ground source heat pump range 1.55 - 3.47), meaning that many systems did 
not perform as well as expected (Dunbabin & Wickins 2012; EST 2013).  Similarly, performance in solar 
thermal systems was found to be extremely variable, with the solar fraction (the amount of energy 
provided by the solar heat collector divided by the total energy input required, in this case not including 
heat loss from the primary circuit) provided ranging from 9 - 98% with a median of 39% (EST 2011). This 
variability was also evidenced in the solar thermal trial by the wide range of parasitic energy 
consumption (the electricity needed to run the system) from zero (in those systems supported by 
photovoltaic infrastructure) up to 180kWh per annum (EST 2011).  In terms of a performance gap, the 
delivery temperatures from solar thermal systems were much lower than 60°C at 49.1°C, showing values 
similar to those observed in the condensing boiler trial (EST 2011).  Finally, in the retrofit trial the 
performance gap manifested through the actual opportunity scope being smaller than assumed in 
original forecasts (a "prebound" effect, sensu Sunikka-Blank & Galvin 2012) based on the information 
supplied by applicants as part of the application process (TSB 2013). This is because most properties 
actually had lower air infiltration rates than suggested (most less than 10 m3/m2/hr @ 50Pa).  
Conversely, 13 of the 87 pre-retrofit had considerably higher air infiltration rates (greater than 15 
m3/m2/hr @ 50Pa) which meant that these properties had greater scope for performance than initially 
anticipated (TSB 2013). 
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Table 2: Performance gaps observed in seven field trials of domestic energy efficiency technologies and 
home improvements.  

Citation Subject Metric Performance gap 
EMC & EST 2008 Amount of hot water used 

(and the energy used to heat 
it) 

Delivery 
temperature1 

Much lower than the widely assumed 
value of 60°C: 52.9°C ± 1.5°C for regular 
boilers; and 49.5 ± 2.0°C for combi 
boilers. 

Orr et al. 2009 In-situ efficiency of 
condensing boilers 

Efficiency 5.3% less efficient than manufacturers' 
claimed performance; 75% of boilers had 
an annual electrical consumption of 
greater than an assumed 175kWh/year 

EST 2009 domestic wind turbine 
performance 

Load factor2 Technology often fell  short of the 
commonly quoted load factor of 10%, 
with no urban or suburban building 
mounted sites achieving load factors of 
more than 3%. 

EST 2011 performance of solar thermal 
hot water systems 

Solar fraction3 Considerable variation ranging from 9 - 
98% with a median of 39% 

Parasitic 
energy 
consumption4 

Considerable variation ranging from 0 - 
180 kWh per annum 

EST 2011 performance of solar thermal 
hot water systems 

Delivery 
temperature1 

Much lower than the widely assumed 
value of 60°C: 49.1°C 

Dunbabin & 
Wickins 2012; 
EST 2013 

Seasonal performance factors 
of air and ground source heat 
pumps (Phase 1) 

System 
efficiency5 

Performance was considerably varied: 
ASHP range = 1.2 - 2.2; GSHP range 1.55 - 
3.47 

TSB 2013 Bespoke retrofitting of 
properties with renewable 
technologies and high levels of 
insulation 

Opportunity 
scope/air 
infi ltration 
rates 

considerably higher air infi ltration rates 
(greater than 15 m3/m2/hr @ 50Pa) 
which meant that the scope for 
performance was greater than 
anticipated 

Notes: 1: the output temperature; 2: amount of energy used as a proportion of the total possible energy that could 
be used ; 3: the amount of energy provided by the solar heat collector divided by the total energy input required, 
in this case not including heat loss from the primary circuit; 4: the electricity needed to run the system; 5: the 
amount of useful heat the heat pump produces compared with the amount of energy used to run the system 

Contextual factors 

According to the field trials presented here, performance gap can be caused when something in 
the physical environmental of the installation differs from what was expected/modelled, or functions as 
an entirely unanticipated key factor.  For example, discrepancies in the hot water trial were partly 
caused by the initial cold water feed being cooler than anticipated (EMC & EST 2008).  In the solar 
thermal trial it was found that the solar fraction was also directly affected by the demand on water, 
which, among other things, is a function of how many other cold water appliances are sharing the same 
domain (EST 2011).  In the least, solar thermal performance is of course affected by insolation, which is 
dependent on weather, which can be unpredictable (Kreith & Kreider, 1978).  Many similar issues were 
found in the retrofit trial, where performance was indirectly hampered by issues that affected the 
installation of the new infrastructure including internal and external spaces issues (i.e. accommodation 
space for larger hot water cylinders, or the need to retain alleyways, bin storage space or delivery 
access) and delays caused by local phenomena such as bat infestation, asbestos and wet rot (TSB 2013). 
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Installation factors 

The performance gap can also be exacerbated when the quality of the installation is low.  All of 
the boilers installed as part of the condensing boiler trial were oversized by factors ranging from 
approximately 1.5 to 10, potentially causing flue heat loss and purge losses from cycling to increasingly 
result in a reduced efficiency (Orr et al. 2009). Orr et al. (2009) suggests that if installation guidance for 
optimal boiler size is followed, there should be a correlation between installed boiler size and heat 
demand.  Orr et al. (2009) did not observe this pattern, suggesting that the boiler installer likely chooses 
which size boiler is installed, suggesting that their decision is based on personal beliefs that might be 
independent of house size, household usage patterns and heat loss.  Installation issues were particularly 
prevalent in the retrofit trial, primarily due to the fact that retrofits tend to need bespoke services of 
which the installation team has no direct experience (TSB 2013).  Nearly a quarter of the homes 
upgraded as part of the retrofit trial (22 of 100) reported a lack of the skills needed as a challenge for 
their particular retrofit (TSB 2013). 

User factors 

Another factor influencing whether the performance gap is realised is in how the technology is 
ultimately used.  If the technology is used incorrectly, a reduction in efficiency and performance is often 
inevitable.  For example, parasitic energy consumption in the solar thermal trial can become 
prohibitively high (up to 180 kWh/annum) in households that have their pumps at an unnecessarily high 
setting (EST 2011).  In that trial, one particular household was found to have their backup heating source 
set to input a large amount of energy in the morning. An expert site visitor applied the correct setting 
but reported that they were confident that the householder would return it to their previous setting, 
highlighting how the human factor can veto good performance, even in spite of clear instruction and 
guidance.  Similarly, the analysis of electrical and gas consumption of boilers carried out as part of the 
condensing boiler trial indicated that a key factor in electrical consumption are the pump operating 
times which are dependent upon the settings of the thermostat, thermostatic radiator valves and/or 
other controls that can be manipulated by the user (Orr et al. 2009).  The literature supports the idea 
that the human factor is important in how water and energy are used in the home, with consumption 
being influenced by a range of factors including occupancy and occupants' age, income and space 
heating preferences (Harlan et al. 2009; House-Peters et al. 2010; Santin et al. 2009), all of which might 
ultimately differ from the specifications in the designers' energy use models.   

 
Given the role of the human factor in the function of efficient technologies, and that many 

home owners may not have, either in principle or as a part of their home in particular, knowledge of 
how a new technology works (which indirectly affects behaviour as reviewed in Huijts et al. 2012) or 
how much of a resource they actually use (EST 2011), it is likely that undesirable behaviour can explain 
at least some of any observed performance gap.  Ultimately, this highlights the need for a clear, simple 
and compelling engagement with users during the installation process.  In the heat pump trial, 
customers exhibited varying levels of understanding of how to best use the various controls in order to 
achieve the best performance from the equipment (EST 2013).  Similarly, based on the comments made 
by householders in the solar thermal trial, the level and quality of the advice given by installers to 
householders on how to modify their water use in response to the installation did not appear to be very 
consistent, though this did not seem to affect peoples' satisfaction with the system itself (EST 2011).  
Thus, the heat pump and solar thermal trials indicated that the inductions received were sometime 
inadequate, which may also explain some of the performance gap. 
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Policy recommendations 

Accounting for the performance gap in evaluation and policy 

The results of the verification services documented here clearly evidence the need for robust 
and replicated field trials of all new and current technologies where ever they have not yet been done. 
This will help consumers and manufacturers understand how new technologies work once they have 
been integrated in to homes, not just in an ideal context (i.e. in the laboratory).  At the moment, there is 
substantial heterogeneity across the world when it comes to evaluating energy savings and renewable 
energy technologies (see for example Wade & Eyre 2015). This includes practices of how to account for 
the performance gap. The inconsistent approach to measuring energy savings and monitoring and 
verification leads to considerable uncertainties as to whether the benefits of energy efficiency and 
renewable energy policies will materialise to the extent anticipated by policy makers. 

 
In the energy efficiency field, following the implementation process of the Energy Services 

Directive in 2006, similar issues were discussed in the literature (Boonekamp 2006; Thomas et al. 2012). 
There are also detailed global standards for monitoring and verification such as the International 
Performance Measurement and Verification Protocol (IPMVP; EVO 2012) that address the performance 
gap, but those standards are mainly being used for larger projects rather than in the residential sector. 
Given that manufacturers' estimates can be wrong (as seen in the performance gaps presented here) 
and that the methodologies that manufacturers use to predict performance can vary so widely (for 
example, the power curves and ratings of turbines presented in EST 2009 were calculated using different 
methods) it is virtually impossible for customers to compare the performance of different products and 
make an informed decision on how to invest.  This literature can form the basis of a clear and consistent 
approach to monitoring and verification of energy savings across the EU. Rather than specifying in detail 
how exactly the performance gap should be accounted for, a set of high-level principles for policy 
evaluation would be a good starting point. Such high-level principles would need to set out the key 
parameters to be analysed in evaluations, quality standards for carrying out monitoring of low-carbon 
technologies once installed, key aspects to be covered by post-installation audits, and appropriate 
methods for evaluation, monitoring and verification. In the United States, this is a common approach 
(e.g. TecMarket Works Framework Team 2004). If applied, such principles would ensure that awareness 
for the performance gap is increased and, over time, policy evaluations account for it more 
systematically. 

Pay-for-performance 

In recent years there has been accelerated experimentation with so called “pay-for-
performance” energy efficiency programmes (Szinai et al. 2017), although mainly in the United States 
and particularly in California. Pay-for-performance programmes reward actual measured energy savings 
based on metered energy consumption. Many, but not all, of such approaches evaluate savings using 
some form of meter data or utility bill data collected before and after an energy efficiency intervention. 
Payments of any subsidy are linked to the savings achieved over time - this minimises the risk of 
providing upfront payments for technological interventions that do not deliver energy savings in line 
with expectations. Traditionally, energy efficiency programmes reward specific technologies assuming a 
certain amount of savings. The incentives offered do not differentiate between the actual outcomes 
achieved. In a world of increasing digitalisation and with more abundant energy data (for example from 
smart meters) and new innovative monitoring and verification methods discussed under the heading 
M&V 2.0 (Franconi et al. 2017), pay-for-performance programmes provide a promising policy approach 
to reward real savings rather than just modelled savings. By definition, such a framework would set 
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incentives to reduce the performance gap. So far, most of the savings delivered through pay-for-
performance programmes stem from interventions on the commercial, public, and industrial sectors 
(Szinai et al. 2017). However, with the costs for both obtaining and analysing energy data come down 
there is the potential to also use pay-for-performance programmes in the residential sector. First 
examples of pay-for-performance programmes targeting residential buildings have begun to emerge in 
Europe: Germany recently launched the Einsparzaehler (energy savings meter) programme, a pilot 
scheme to test the feasibility of a pay-for-performance programme in Germany. Policy makers should 
continue to experiment with such instruments given the increasing coverage of buildings with smart 
meters. Finally, innovative retrofit programmes such as Energiesprong (Visscher et al. 2016) use 
performance guarantees to ensure the performance of the improvements over a long-term (minimum 
30-year) period. This is based on the Dutch net zero-energy renovation concept (Rovers 2014), which 
has been applied in social housing. Tenants pay an increased rent but are not charged any energy costs 
at all after retrofit if their energy consumption remains within certain specified bounds. This approach 
only works if the performance gap is small. The downside of this approach is that the incentive to save 
energy for monetary reasons no longer applies if tenants stay within the defined bounds. 

Installer standards and user training 

A recurring theme throughout these field trials is the role that the installer plays in the 
performance gap with the domestic wind turbine trial pointedly concluding that industry standards must 
be agreed and implemented so that customers can realistically assess the potential for building 
mounted turbines to generate energy (EST 2009). In the first phase of the heat pump trial, heat pump 
performance was found to be dependent on the specification, design, installation and commissioning 
practices (Dunbabin & Wickins 2012), which led to a thorough review of installation and training 
guidance and the eventual revision of the Microgeneration Certification Scheme (MCS) installer 
standards (an industry-led and nationally recognised quality assurance scheme) to good effect (EST 
2013).  Generally, customers and policy makers should treat all novel technologies with caution, in 
particular domestic scale wind, until such a time that the product they are considering receives MCS 
accreditation or equivalent (EST 2009). The content of these accreditation schemes should be 
considered particularly carefully in terms of installer training, so that the pitfalls of having unprepared 
installers as observed in the more bespoke retrofitting projects (TSB 2013) are likely to be seen less 
often, assuming that the effectiveness of accreditation schemes documented for performance in 
engineering (Volkwein et al. 2007) translate to the retrofitting context.  This is particularly relevant for 
more complex technologies such as heat pumps, where short courses without formal educational 
qualifications are simply not good enough (Gleeson 2016).  Furthermore, minimum standards of user 
engagement and induction beyond a user manual should also be included if efficiency claims are to be 
allowed.  This is because quality advice and understanding can help minimise the performance gap as 
seen here in the solar thermal trial where better advice on heating patterns, use of back up heating and 
the correct function of controls might have helped householders make the most of the new system (EST 
2011) and encourage householders to capitalise on other low carbon opportunities (Owen et al. 2014). 

Conclusions 

The evaluations presented here corroborate with the literature in concluding that the 
performance gap is a common phenomenon that can have considerable impact on the ultimate 
effectiveness of energy efficient technologies. It is clear that structured guidance on how to measure the 
performance of products is needed to assist manufacturers in providing accurate and transparent advice 
to consumers on what technologies are appropriate for achieving any desired outcome.  Such an 
evaluation framework, whether encouraged through regulation or an optional standard (such as IPMVP; 
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EVO 2012) should aspire towards international application and contain enough methodological flexibility 
to evaluate any technologies designed to improve the efficiency of buildings.  Secondly, similar action 
should be taken to ensure that a) manufacturers develop installer standards for their products and b) 
end users are engaged with proper guidance on how to use the technology effectiveness. Until steps 
such as these or similar are taken the potential for technological innovation to help society achieve a 
sustainable future will continue to be undermined by the performance gap. Finally, innovative 
approaches such as pay-for-performance programmes deserve to be tested also in jurisdictions outside 
of the United States and in the residential sector. Rewarding energy savings based on standardised 
analysis of metered data potentially offers a policy solution to the complex evaluation, monitoring and 
verification problems that the performance gap creates. 
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